Background: The aim of this study was to evaluate clinical outcomes of different approaches to patients with proximal descending thoracic aneurysm (DTA) involving the distal arch.
Sternotomy approach has better outcomes compared with thoracotomy or hybrid approaches.
Central Message
Sternotomy approach is a superior option for patients with proximal DTA involving the distal arch compared to thoracotomy or hybrid approach.
Perspective
The TAR group had better outcomes in terms of operative mortality, stroke, and long-term survival compared with the thoracotomy or hybrid groups. Hybrid repair remains controversial regarding perioperative stroke and long-term durability. Our results suggest that the sternotomy approach is the superior option for patients with proximal DTA involving the distal arch.
See Editorial Commentary page 2299.
Operative techniques for descending thoracic aortic pathologies involving arch have undergone an evolution over the last 3 decades. 1, 2 Particularly for cases of proximal descending thoracic aneurysm (DTA) involving the distal arch, 3 approaches have been introduced: total arch replacement via sternotomy, hemiarch replacement via thoracotomy, and a hybrid approach. [3] [4] [5] Each technique has merit and demerit, and the superior option has not been established.
The thoracotomy approach allows a sufficient view of the distal lesion, but it requires risky procedures, such as arch clamping or deep hypothermic circulatory arrest, to achieve proximal anastomosis. Moreover, this approach requires lung manipulation and can cause severe pain from the thoracotomy incision, which can lead to pulmonary complications. Conversely, the sternotomy approach has the advantages of avoiding lung manipulation and arch clamping. However, in cases of deep distal lesions, this approach fails to secure a clear view to perform sutures on a distal anastomosis site. As an attractive alternative to open repair, the hybrid procedure combines debranching of supra-aortic branch vessels with stent grafting of the aortic arch. Although several studies examining the hybrid approach have reported encouraging results, the safety of the procedure and long-term durability remain unclear because of complications associated with angulated morphology and involvement of supra-aortic vessels and reintervention. 6 No previous studies to date have compared these 3 approaches at the same time, focusing on proximal DTA involving the distal arch. It is not clear which is the superior option for treating this type of aortic lesion. Thus, the aim of this study was to compare the clinical outcomes of these different treatment approaches for aortic pathologies with proximal DTA involving the distal arch.
PATIENTS AND METHODS Patients
From January 2002 to December 2016, 332 patients underwent surgical repair for descending aortic pathology involving the distal arch at the Yonsei Cardiovascular Hospital of Yonsei University Health System in Seoul, Korea. We excluded patients with type A dissection, Valsalva aneurysm, concomitant valve or coronary bypass surgery, distal descending (below the carina level T7) or thoracoabdominal aneurysm. After the exclusion process, 229 patients who underwent aortic repair using different approaches were enrolled in the study. Ninety-eight patients (42.8%) underwent total arch and proximal DTA replacement via sternotomy (TAR group), 84 patients (36.7%) underwent hemiarch and DTA replacement via thoracotomy (DTR group), and 47 patients (20.5%) underwent hybrid aortic repair (HAR group; Figure 1 ). The hybrid group included patients who underwent hybrid arch repair with supra-aortic branch revascularization (debranching) involving at least one common carotid artery bypass and simultaneous or staged endovascular thoracic stent grafting. The 229 procedures in this study were performed by 4 different surgeons. The selection of the type of approach method was primarily decided at the discretion of the multidisciplinary team. Hybrid arch repair was performed with increasing frequency by some surgeons from 2008 to 2014. The current practice is to favor the sternotomy approach ( Figure E1 ).
Operative Technique
Arch and DTA replacement via thoracotomy (DTR group). Surgical approach was achieved via left fourth or fifth thoracotomy with division of the costal margin in the fifth interspace. Left femoral artery and vein cannulations were routinely used to establish cardiopulmonary bypass (CPB). Left ventricle venting was achieved with the left low pulmonary vein or left ventricle apex. Total circulatory arrest was induced at a core body (bladder) temperature of 20 C without cerebral perfusion and cardioplegia. Body temperature of total circulatory arrest was determined with electroencephalograph monitoring. We routinely monitored the electroencephalograph and used bladder temperature to monitor core temperature for systemic organ protection.
Total arch replacement via median sternotomy (TAR group). Total arch and proximal DTA replacement via sternotomy was based on an antegrade cerebral perfusion and moderate cooling (28 C) strategy. Femoral artery and right atrium cannulations were routinely used to establish CPB, and right axillary cannulation was used for antegrade cerebral perfusion. Unilateral cerebral perfusion through the right axillary artery was performed by clamping the innominate artery, and bilateral cerebral perfusion was sometimes performed by inserting a 12-French balloon perfusion catheter into the left carotid artery when regional SO2 (rSO2) fell to less than 50%. Distal anastomosis was first performed using 3-0 Prolene sutures after circulatory arrest. After systemic perfusion through the side branch of the graft was restored, the cerebral vessels and proximal aorta were reconstructed step-by-step (Video 1).
Hybrid arch repair (HAR group).
The operation was performed using general endotracheal anesthesia with continuous monitoring using transesophageal echocardiogram, rSO2, and arterial pressure monitoring. Five patients (12.8%) underwent the procedure in one stage, and 32 patients (87.2%) underwent the procedure in 2 stages. In the cases of a 2-stage procedure, thoracic endovascular aortic repair (TEVAR) was performed after full recovery from cervical debranching. Complete debranching was performed through a median sternotomy. After induction of pharmacologic hypotension to a systolic blood pressure less than 90 mm Hg, the ascending aorta was partially clamped with a side-biting clamp, and the proximal end of a prosthetic graft was sutured end-to-side to the aorta. The left subclavian artery (LSCA) was revascularized through the sternotomy without additional incisions. LSCA revascularization was performed if possible, but when it was difficult to expose, the LSCA was selectively ligated after confirming communication of the vertebral artery. Cervical debranching was performed through a cervicotomy and consisted of a supratracheal right carotid-to-left common carotid artery bypass using a Gore-Tex 8-mm graft or 8-mm Dacron graft. Carotid clamping was performed using rSO2 monitoring, and no cases required a carotid shunt. All TEVAR were performed in a hybrid room with both endovascular and surgical equipment.
Endpoint and Definition
The primary endpoints of this study were in-hospital, 30-day, and late mortality. Secondary endpoints were operative morbidities, including neurologic (stroke and spinal cord ischemia) and pulmonary complications and reintervention. In-hospital or 30-day mortality was defined as any death occurring within 30 days of the original procedure, or while the patient was still in the hospital. A reintervention was defined as any surgical or endovascular procedure for any complication related to the aorta after the primary procedure. Spinal cord ischemia was defined as any new lower-extremity deficit not related to an intracerebral event. Permanent spinal cord ischemia was diagnosed if symptoms were not completely resolved at the time of discharge. Stroke was defined as any new global or focal neurologic deficit lasting more than 24 hours with an acute lesion on brain imaging. Preoperative data and perioperative data were collected prospectively from the cardiac and vascular research databases at our institution. More detailed data for clinical outcomes and long-term survival were obtained by hospital chart review or telephone interview. Information on death was obtained by the database of the Korea National Statistical Office. Follow-up was complete for 97.8% of patients. Our study was conducted following approval by the Institutional Review Board of the Yonsei University College of Medicine. The individual patient consent was waived. Follow-up protocols included clinical examination and computed tomography scan before discharge, which was performed at 6 months and annually thereafter.
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Statistical Analyses
The statistical analyses were performed with SPSS for Windows, Release 18.0 (SPSS, Chicago, Ill). All data were expressed as the mean AE standard deviation, frequency, or percentage. Continuous variables were compared using a Student t test and categorical variables were compared using the c 2 or Fisher exact test. Best fit was assessed using the Hosmer and Lemeshow c 2 test. A comparison among the three groups was performed using the Kruskal-Wallis test for continuous variables or the c 2 test for categorical variables. Long-term survival and freedom of reintervention curves were estimated using the Kaplan-Meier method. Binary logistic regression analysis was performed to identify independent risk factor of operative mortality and respiratory complication. Risk factors found on univariate analysis to have a value of P<.1 were included in the multivariable model. Multivariable Cox regression analysis was performed to identify independent predictor of long-term survival. Differences between curves were compared using the log-rank test. In all statistical tests, statistical significance was defined as a two-tailed P <.05.
RESULTS
Patient Characteristics
The patient demographics and clinical risk factors among the 3 groups are summarized in Table 1 . The patients in the HAR group were older than the other groups, but there was not a significant difference (66.0 AE 13.1 vs 63.3 AE 11.3 vs 61.3 AE 11.7; P ¼ .08). The hybrid group tended to have a higher proportion of coronary artery occlusive disease and chronic obstructive pulmonary disease than the other groups. No differences were observed between the groups in term of sex, smoking, hypertension, diabetes mellitus, chronic renal failure, left ventricular ejection fraction, and previous cerebrovascular incidents. Aortic pathologies, such as the maximal size of aneurysm, Marfan syndrome, and emergency, were similar among the 3 groups.
Operative Data
Operation time was significantly shorter in the HAR group than in the other groups. Antegrade cerebral perfusion was used for cerebral protection in most TAR patients and LSCA revascularization was performed at a high rate in this group compared with the other groups. The stent types used for TEVAR in the hybrid group included 18 Seal stents FIGURE 1. Current study cohort of 229 patients who underwent aortic repair for proximal descending aortic aneurysm involving the distal arch. DTA, Descending thoracic aneurysm; TAR, total arch and descending replacement via sternotomy; DTR, hemiarch and descending replacement via thoracotomy; TEVAR, thoracic endovascular aortic repair; HAR, hybrid arch repair; TAAA, thoracoabdominal aortic aneurysm; CABG, coronary artery bypass grafting. VIDEO 1. Sternotomy approach for proximal descending aneurysm involving the arch. Total arch and proximal descending aorta replacement was performed using right axillary cannulation, bilateral antegrade cerebral perfusion, mild hyperthermia (28 C), and a 4-branched graft. Video avail- Table 2 .
Early Outcomes
The in-hospital mortality rate was 3.1% (3/98) in the TAR group, 11.9% (10/84) in the DTR group, and 4.3% (2/47) in the HAR group (P ¼ .04; Figure 2 , A). The TAR group had a lower incidence of stroke (3.1%, 3/98) compared with the DTR (13.1%, 11/84) and HAR (10.6%, 5/47; P ¼ .03) groups (Figure 2, B) . The HAR group had a lower incidence of prolonged ventilation time (6.4%, 3/47) compared with the TAR (16.3%, 16/98) and DTR (19.0%, 16/84) groups (P ¼ .14), but the incidence of tracheostomy was similar between the TAR (5.1%. 5/98) and HAR (4.3%, 2/47) groups. Incidence of vocal cord palsy was higher in the TAR (18.4%, 18/98) and DTR (20.2%, 17/84) groups compared with the HAR group (2.1%, 1/47; P ¼ .02). The early outcomes are summarized in Table 3 .
Long-Term Survival
The mean follow-up time was 60.4 AE 24.5 months (range, 1-175 months) and was not significantly different among the 3 groups (65.16 AE 54.3 months in the TAR vs 55.16 AE 41.38 in the DTR vs 57.98 AE 41.04 months in the HAR groups; P ¼ .376). The overall survival rate at 10 years was 82.8% AE 5.6% in the TAR group, 61.0% AE 8.6% in the DTR group, and 55.9% AE 9.0% in the HAR group. The long-term survival in the TAR group was significantly greater compared with the other groups (vs DTR [P ¼ .03] vs HAR [P<.01]; Figure 3 ), but there was no difference between the DTR and HAR groups (P ¼ .41; Figure 3 ).
Late Aortic Events and Reintervention
During the follow-up period, 7 late deaths occurred in the HAR group, 6 of which were aortic-related deaths or sudden deaths. In the TAR and DTR groups, aortic-related death or sudden death occurred in 3 patients. Four late strokes occurred in the DTR and HAR groups, and no late strokes occurred in the TAR group. Seven type I endoleak, 2 type II endoleak, 2 stent induced new entry tear, 2 retrograde type A dissection, and 1 stent migration occurred in the hybrid group. Fourteen (31.1%) HAR patients underwent reintervention (n ¼ 10) or surgery (n ¼ 4) of open conversion. The freedom from late stroke at 10 years was 100% in the TAR group, 71.9 AE 12.6 in the DTR group, and 56.9% AE 17.3% in the HAR group (P < .01). The reintervention-free rate at 10 years was 87.9% AE 5.7% in the TAR group, 82.1% AE 10.1% in the DTR group, and 35.7% AE 15.8% in the HAR group, and these rates were significantly different (P <.01; Figure 4 , A). The freedom from composite of aortic events at 10 years was 75.6% AE 8.1% in the TAR group, 43.6% AE 14.9% in the DTR group, and 31.1% AE 11.5% in the HAR group, and these rates were significantly different (P<.01; Figure 4 , B).
Predictors of Perioperative Mortality and LongTerm Survival
The independent risk factors of operative mortality were age, lower estimated glomerular filtration rate, thoracotomy approach, CPB time (Table 4 ). In the Cox regression multivariate analysis, age, female sex, and chronic kidney disease were independent risk factors of overall survival, and sternotomy approach was an independent predictor for better overall survival (Table 5 ).
COMMENTS
Although 3 approaches (sternotomy, thoracotomy, hybrid) for proximal descending thoracic aortic pathologies involving the distal arch have been applied, the best option is not well defined. The current study is unique in its comparison and analysis of early and late outcomes of the 3 different approaches. This study demonstrates that compared with thoracotomy or hybrid approaches, a sternotomy approach has better outcomes in terms of operative mortality, stroke, and long-term survival and aortic events.
Early Outcomes (Mortality and Morbidities) of the Three Approaches
The DTR group (11.9%) had higher incidence of operative mortality compared with the other groups (TAR, 3.1%; HAR, 4.3%). The DTR group had more perioperative mortality from embolic events and pulmonary complications compared with the other groups. Four patients died from a major stroke, and one patient died from a myocardial infarction caused by a coronary embolism owing to retrograde input of arch debris. Three patients died of sepsis from pulmonary complications. Although clinical outcome of open repair for isolated DTA has been reported, the outcome of thoracotomy approach for DTA involving the distal arch has not been well documented. Contemporary data from large-volume aortic centers showed mortality rate of 7% to 9%. 7, 8 Okita et al 9 emphasized that a strong factor that affects early morality and stroke rate is involvement of the atherosclerotic arch lesion in the descending thoracic aneurysm. We found that many causes of early mortality in the DTR group were associated with manipulation of the arch lesion. These findings demonstrate that when the arch lesion is involved, the thoracotomy approach has many potential risks, such as embolic events or lung complications that can be associated with perioperative mortality.
In contrast, the TAR group had a similar early mortality rate compared with the HAR group (3.1% vs 4.3%). This outstanding result is consistent with current outcomes of reports from the last few years. A meta-analysis from Fabrizio and colleagues, 10 which included 21 reports published between 2004 and 2014, demonstrated that total arch replacement has dramatically improved surgical mortality (mean 5.3%). 10 These findings imply that it is difficult to conclude that the hybrid procedure has a definite superiority compared with total arch replacement, even regarding perioperative mortality. In terms of morbidities and early recovery, the hybrid technique had better outcomes than open repair did. According to published data, hybrid arch repair seems to have more favorable results for operative morbidities and early recovery compared with open repair. 11, 12 Our study also showed that patients who underwent the hybrid OR, Odds ratio; CI, confidence interval; CAOD, coronary artery occlusive disease; CVA, cerebrovascular accident; COPD, chronic occlusive pulmonary disease; LVEF, left ventricular ejection fraction; eGFR, estimated glomerular filtration rate; DTA, descending thoracic aneurysm; T, thoracic spine; DTR, DTA replacement via thoracotomy; TAR, total arch and DTA replacement via sternotomy; HAR, hybrid arch repair; CPB, cardiopulmonary bypass.
technique had reduced pulmonary and renal complications and shorter intensive care unit and hospital stays. One interesting finding from this study is that, in contrast with the DTR group, the TAR group was not worse than the hybrid group in terms of fatal complications, such as perioperative stroke, requirement for new dialysis, or tracheostomy. These findings suggest that the sternotomy approach is safer than thoracotomy in terms of unavoidable damage for patients who undergo major open surgery.
Advantage of Sternotomy Approach for Stroke Events
Although there are many studies of the decreased invasiveness of hybrid arch repair, 11, 12 there is not much research successfully demonstrating the superiority of the hybrid technique for perioperative stroke compared with conventional open repair. Application of an endovascular procedure for arch lesions using the hybrid approach still has unavoidable risk for stroke because the aortic arch has unfavorable characteristics, including shape of angulation, high blood flow, and substantial pulsatile movement. When these characteristics are combined with an atherosclerotic arch lesion, a catheter procedure through the arch lesion can lead to an embolic event or dissection. In a meta-analysis, Moulakakis et al 13 reported that hybrid arch repair still had a high stroke rate (7.6%) and emphasized that this incidence was not lower than open repair.
The thoracotomy approach also has a danger of inducing embolic events. In case of arch clamping, manipulation of the aortic arch with the atherosclerotic lesion is inevitably required, which can lead to embolic stroke. In cases of deep hypothermic arrest without aortic clamping, when the arch is opened, the embolic burden in the atherosclerotic arch can fall into carotid vessels in a retrograde fashion, which can also lead to an embolic stroke.
14 In contrast, the total arch approach via sternotomy has 2 advantages in terms of embolic events. First, when axillary antegrade cerebral perfusion is applied, manipulation of the arch lesion can be avoided. Second, there is no possibility of retrograde inflow of embolic debris into the carotid vessel with this procedure. Our study showed that the hybrid approach has reduced pulmonary and renal complications and reduced length of intensive care unit and hospital stays, but it did not have a benefit for perioperative stroke compared with conventional open repair. The sternotomy approach had a strong benefit for reducing the incidence of perioperative stroke compared with the other approaches. Another significant finding from our study is that the sternotomy approach had an advantage in terms of late stroke. During the mean 43-month follow-up period, late strokes occurred in 5.4% (4/74) of patients from the DTR group and 8.9% (4/45) of patients from the HAR group. Importantly, no patients experienced late stroke in the TAR group. This shows that the TAR strategy has great advantages in terms of preventing late stroke events, which may be due to complete removal of atherosclerotic lesions upon TAR, whereas these lesions partially remain in patients who undergo thoracotomy or the hybrid approach.
Pulmonary Complications With the Thoracotomy Approach
Pulmonary complication is the most common postoperative complication of aortic arch repair, and it is reported to be as high as 30%. 15 In our study, the hybrid group had far fewer occurrences of pulmonary complications compared to the other groups. The requirement of prolonged mechanical ventilation and tracheostomy were more frequent in the DTR group compared with the other groups. It is thought that the thoracotomy approach often requires lung manipulation and causes lung bleeding and edema. In addition, thoracotomy pain often disturbs bronchial toilet. An interesting finding was that the thoracotomy approach had a significantly higher incidence of tracheostomy (16.7%), but the sternotomy approach and hybrid approach showed a similar incidence (5.1% vs 4.3%). Because TAR patients do not experience thoracotomy pain and lung manipulation, which have detrimental effects on recovery of lung function, the TAR group showed comparable results in terms of severe lung complications, such as tracheostomy.
Achilles Heel of Hybrid Strategies: Reintervention and Late Event
It is well known that reintervention after endovascular aortic repair occurs more often than after open repair. The reintervention rate of hybrid arch repair varies from 0% to 30%. [16] [17] [18] [19] [20] In the current study, the hybrid approach had a higher rate of reintervention and late aortic events than the other approaches (Figure 4) . Fourteen (31.1%) patients in the hybrid group underwent reintervention or open surgery for various causes, including endoleak, new dissection, stent migration, and infection. The most common cause of reintervention was type I endoleak. It is thought that characteristics of the arch associated with angulation, high blood flow, and substantial pulsatile movement, as mentioned earlier, can contribute to the development of type I endoleak, thus leading to reintervention or conversion. In freedom from composite of aortic events during the 10-year follow-up, patients in the HAR group had a significant disadvantage compared with those who underwent open repair (P<.01). An important point to note from the current study is that late complications after hybrid arch repair can occur at various times after the initial procedure and can lead to a fatal condition. Many late complications of hybrid arch repair can be resolved with endovascular surgery; however, patients who lack other options for endovascular salvage may need to undergo open conversion, which carries a risk of sudden death. These findings suggest that the long-term survival of hybrid arch repair could decrease over time. The HAR group had a significantly higher reintervention rate, which is not surprising compared with open surgical techniques, but a significantly higher late mortality (P < .01); this suggests that hybrid approach might be an inadequate treatment of the aortic pathology involving the arch.
Limitations
This study had several limitations. First, this study is limited by the nature of retrospective studies, including an intrinsic selection bias and lack of a matched comparison group. Second, factors such as surgeon experience and the time the procedure is performed could influence outcomes. Third, this study is limited by the heterogeneity of patients, including patient characteristics, aortic pathology, and extent of involvement. Nevertheless, we minimized the heterogeneity associated with extent of involvement by focusing on DTA involving the distal arch. Finally, the study was also limited by the relatively small number of patients.
CONCLUSIONS
For the treatment of aortic pathologies with proximal DTA involving the distal arch, the TAR approach had better outcomes in terms of operative mortality and stroke and long-term survival compared with the thoracotomy or hybrid approaches. Hybrid repair remains controversial regarding perioperative stroke and long-term durability. Our results suggest that the sternotomy approach is the superior option for patients with proximal DTA involving the distal arch. OR, Odds ratio; CI, confidence interval; CAOD, coronary artery occlusive disease; CVA, cerebrovascular accident; COPD, chronic occlusive pulmonary disease; LVEF, left ventricular ejection fraction; eGFR, estimated glomerular filtration rate; DTA, descending thoracic aorta aneurysm; T, thoracic spine; DTR, DTA replacement via thoracotomy; TAR, total arch and DTA replacement via sternotomy; HAR, hybrid arch repair; CPB, cardiopulmonary bypass. 
